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Introduction
This report is part of an effort by the U.S. Geological Survey to update existing mineral deposit models and to develop new ones. The global transition away from hydrocarbons toward energy alternatives increases demand for many scarce metals. Among these is lithium, a key component of lithium-ion batteries for electric and hybrid vehicles. Lithium (Li) brine deposits account for about three-fourths of the world's lithium production (U.S. Geological Survey, 2011). Updating an earlier deposit model by Asher-Bolinder (1991) , we emphasize geologic information that might directly or indirectly help in exploration for lithium brine deposits, or for assessing regions for mineral resource potential. Special attention is given to the best-known deposit in the world-Clayton Valley, Nevada (Kunasz, 1974; Davis and others, 1986; Price and others, 2000; Zampirro, 2004) ; Munk and others (2011a, b) -and to the giant Salar de Atacama, Chile (Risacher and others, 2003; Lowenstein and Risacher, 2009 ).
Brief Description and Related Deposit Types
Lithium brine deposits are accumulations of saline groundwater that are enriched in dissolved lithium. For this report, we focus on brines in closed basins in arid regions, where lithium salts can be extracted at a profit. This process is as follows (Garrett, 2004) . Brine, typically carrying 200-1,400 milligrams per liter (mg/l) Li, is pumped to the surface and concentrated by evaporation in a succession of artificial ponds, each one in the chain having a greater Li concentration. After a few months to about a year, depending on climate, a concentrate of 1 to 2 percent Li is further processed in a chemical plant to yield various end products, such as lithium carbonate and lithium metal.
All producing lithium brine deposits share a number of first-order characteristics: (1) arid climate; (2) closed basin containing a playa or salar; (3) tectonically driven subsidence; (4) associated igneous or geothermal activity; (5) suitable lithium source-rocks; (6) one or more adequate aquifers; and (7) sufficient time to concentrate a brine. Key aspects of the proposed lithium-brine deposit model are shown in figure 1 ; some of these will be elaborated below. In essence, lithium is liberated by weathering or derived from hydrothermal fluids from a variety of rock sources within a closed basin. Circumstantial evidence from Clayton Valley suggests that felsic vitric tuffs are a particularly favorable primary source (Price and others, 2000) . In our view, another potentially important lithium source in Clayton Valley is uplifted Neogene lake beds from earlier in the basin's history, which had previously been hydrothermally altered to hectorite (see also Kunasz, 1974) . Lithium is highly soluble and, unlike sodium (Na), potassium (K), or calcium (Ca), does not readily produce evaporite minerals when concentrated by evaporation. Instead it ends up in residual brines in the shallow subsurface. Economic brines have Li concentrations in the range of 200 to 4,000 milligrams per liter (mg/l) (Gruber and others, 2011; Kesler and others, 2012) . Other elements in solution, such as boron and potassium, may be recovered as byproducts or coproducts; brines can also contain undesirable elements that create problems in processing (magnesium) or toxic elements that require care in waste disposal (Garrett, 2004) . A number of similar and related deposit types are seen. Some ancient oilfield brines are enriched in lithium (Collins, 1976 , reported 692 mg/l in the Smackover brine of Texas). Unless located in an arid climate, recovery of Li in evaporation ponds is not economically feasible. Brines in a spectrum of closed-basin settings can be enriched in potassium chloride (KCl), calcium chloride (CaCl 2 ), bromine (Br), and iodine (I) (Warren, 2010 )-the differences reflecting bedrock chemistry (Eugster, 1980) and perhaps also hydrothermal contributions. Most lithium brine fields are spatially associated with sodium chloride (NaCl) evaporite deposits, but the reverse is not necessarily true-that is, most NaCl evaporites lack an associated lithium brine. Hydrothermal lithium-clay deposits (for example, hectorite) are commonly found in the same basins as lithium brines, and there is reason to suspect that they are cogenetic (Vine, 1980) . Lithium-brine deposits are commonly associated with borate mineralization in arid, closed basins; the latter appear to be hybrids involving both hydrothermal and evaporative processes.
Examples of Li-Brine Systems and Their Tectonic Settings
All closed-basin lithium-brine deposits that are of present economic interest are of Quaternary age. Basins that contain lithium-enriched brines have a number of different tectonic origins ( fig. 2) . Quantities of Li in million metric tons (Mt) in the following discussion are from Kesler and others (2012) . Clayton Valley, Nevada, (0.2 Mt of Li) is located within the Basin and Range extensional province of the western United States; in detail, it is hosted in an extensional half-graben system between a young metamorphic core complex and its breakaway zone (Oldow and others, 2009 ). The Salar de Atacama (6.3 Mt of Li) and Salar de Uyuni (10.2 Mt of Li) are located on the Altiplano of Chile and Bolivia, a high, internally drained plateau along the crest of the Andean convergent-margin orogen that includes a number of closed basins; the basin of the Salar de Atacama itself is a contractional intrarc basin. The Salton Sea, California, is a strike-slip basin located at a releasing bend along an intracontinental segment of the San Andreas transform fault. Zabuye Lake (1.5 Mt of Li) is one of a family of closed basins in the Tibetan plateau on the upper plate of the Himalayan-Tibetan collisional orogen; in detail, it is a Neogene graben at high angles to the structural grain of the orogen. Curiously, and due partly to extreme aridity, most of these example deposits are in globally exceptional tectonic settings: the Basin and Range is the world's widest extensional province, the Altiplano is the highest sector of a continental-margin arc, and Tibet is the largest and highest syncollisional plateau. 
Physiography and Climate
The single most important factor determining if a nonmarine basin can accumulate lithium brine is whether or not the basin is closed. Closed basins form because of tectonics but they are maintained only where, over longer time-spans, evaporation exceeds precipitation. If the long-term rate of precipitation in a basin increases sufficiently, eventually lake water will overtop some point along the drainage divide and drain away, carrying with it any dissolved lithium. Of the basins shown on the world map, 3 are classed as semi-arid, 11 as arid, and 1 as hyperarid (http://csi.cgiar.org/Aridity/). Globally, lithium brines occur in the arid latitudinal belts on either side of the equator ( fig. 2C) , with the favorable zones lying between about 19° and 37° north or south. Rain-shadow effects probably stretch the north-south span of favorable latitudes.
Size and Structure of Deposits
Basins that host lithium brines range in area by more than three orders of magnitude. The floor of Salar de Uyuni has an area of about 14,000 square kilometers (km 2 ) and a total catchment of about 47,000 km 2 . At the other end of the spectrum, the floor of Clayton Valley has an area of about 100 km 2 and a catchment of about 1,400 km 2 (areas were measured using ARC-GIS from a global 90-m SRTM DEM). Clayton Valley is the topographically lowest of at least five adjacent basins that are hydrologically linked by groundwater flow (Zampirro, 2004) . In this case, it is the combined area of all five linked catchments that matters, making the effective area of the Clayton Valley Li-brine system much larger.
Active faulting appears to be involved in all lithium basins. Fault-related subsidence creates accommodation space, without which only a thin veneer of basin sediments could accumulate. A thick basin fill is needed to provide an aquifer of sufficient volume to hold a viable brine resource. In contrast, shallow, superficial basins in cratonic regions such as the Sahara Desert lack fault control and are not known to be prospective for lithium brines. Some basins are cut by active intrabasinal faults. Brine pools in Clayton Valley and Salar de Atacama are localized along active intrabasinal faults that control the distribution of aquifers and also influence groundwater movement patterns. These intrabasinal faults are known from boreholes and have no surface expression (Zampirro, 2004; Jordan and others, 2002) .
Because they are contained by aquifers of various geometries, lithium brines are localized in the subsurface rather than being present everywhere at depth. At Salar de Atacama, the brine is hosted in the porous, upper 30 meters of the salar's halite nucleus (Garrett, 2004) . Little is known about the potential of brine aquifers at depth in Salar de Atacama. At Clayton Valley, brines are pumped from six gently dipping aquifers that are variously composed of ash, fanglomerate, tufa, and halite (Zampirro, 2004) .
Geologic Assessment Guidelines
Characteristics that appear to be essential for lithium resource potential are an arid climate and a closed, tectonically active basin. Another likely requirement-or at least a favorable characteristic-is elevated heat flow as evident from young volcanoes or hot springs. Source rocks such as felsic, vitric tuffs that have abundant and readily leached lithium are favorable but perhaps not essential, since lithium is present in most crustal rocks at tens of parts per million (ppm). Another favorable indication of lithium brines is the existence of hectorite, a mineral that can be detected using ASTER remote sensing (B. Rockwell, USGS, written commun., 2010).
